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ILLUSTRATIONS
Figure
Page By using dielectric material as a center rod, it will be shown that the frequency range of the IWM is extended, while the contribution of the troublesome SWM is minimized.
The dispersion relation for the gyrotron with a dielectric center rod has been derived by authors [71 for general azimuthal (e) harmonic numbers (i.e. t j 0). In this paper, we will perform a detailed numerical investigation of this dispersion equation for a broad range of the physical parameters, and compare the results with those of the gyrotron with the outer dielectric loading [2], (4], [6] . For simplicity, the present investigation is limited to the azimuthally symmetric (i.e. t = 0), transverse electric (TE) perturbations.
Moreover, in view of the relative insensitivity of the fast wave mode (LWM)
to the system parameters [2], [61, [7] , we will devote our attention only to
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NwC TR 81-17 the slow wave modes (IWM and SWM). A complete parametric optimization process for wide bandwidth will be carried out, assuming that the axial velocity spread of the beam electrons is small (= 1%). The optimization is carried out in the spirit of maximizing the contribution of the IWM to the bandwidth, and minimizing that of the SWM. In addition, the perturbed field profiles are examined in order to distinguish the IWM and SWM.
The slow wave modes (IWM and SWM) for the center rod gyrotron do not compete each other in their contribution to the instability as much as for the wall clad configuration. This cooperative nature of the IWM and the SWM results in an extended IWM region compared to the wall clad geometry.
That is, the SWM begins to contribute significantly at higher frequency than it does in the outside loaded gyrotron. On the other hand, it will be shown that the bandwidth itself for the center rod configuration is approximately as wide as that for the wall clad one (see Sec. III). Thus by putting the dielectric rod at the center, we are able to maintain about the same wide band capability, while eliminating some of the difficulties associated with the SWM.
A brief review for the derivation procedure of the dispersion relation will be given in Sec. II. The expressions for the perturbed fields are also given in Sec. II for later use. The optimization for the wide bandwidth with 1% of the axial velocity spread is carried out in Sec. III. The physical parameters to be optimized are the thickness ratio of the dielectric center rod (Rd/Rc), the dielectric constant (c), the conducting wall radius (Re), and the beam center location (R 0 ). In Sec. IV, the perturbed field profiles are investigated in order to examine the individual contribution of the IWN and the SWM to the bandwidth. Especially we compare these field profiles with those of the wall clad configuration. The summary of the comparison is given in the conclusion Section IV. The dispersion relation is derived within the framework of the Vlasov-axwell equations for the fields E(x,t) and B(x,t), and for the beam electron distribution function f(x,p,t). Here x, k, and t refer to the spatial, momentum, and the time coordinates. Further, any quantity * is linearized according to
with the equilibrium quantity *0 and the small Fourier decomposed perturbation *1" Note that we limit our attention to the azimuthally symmetric perturbation (3/ae=o) with the frequency w and the axial wavenumber k. Moreover, we will consider the transverse electric (TE, Ezl = 0) perturbation only. [61, (7] in the axial momentum pZ, that is,
Here pz is the average axial linear momentum and a is the axial momentum 2 spread ratio. The beam is further assumed to be monoenergetic with ymc , and the average transverse (axial) velocity is given by co, (c).
Since the details of the procedures in obtaining the dispersion relation are given in Ref. 7, here we present only the outline. Making use of the thin beam approximation and the boundary conditions on the azimuthal electric field E 0 1 at r=O, Rd , R 0 , and R , within a normalizing factor we obtain the perturbed fields E and B
Jl(Y),
Or<R d
The jump condition on Bzl across the beam furnishes the desired dispersion relation. Namely, 
The arguments of the first (J) and the second (N) kind Bessel functions are S14 (excitation and collection of the electromagnetic waves), we attempt to find the parameter conditions where the I1! shows a wide bandwidth, over which the SWM is substantially suppressed.
In light of our intention to minimize the SWM contribution, there are several ways to distinguish the integrated two slow waves (IWM and SWM).
One method is to utilize the different vulnerability of their gains on the velocity spread (A). Although we choose A=I% for our investigation, we therefore examine the gain for A=3% as well. If the gain is substantial for both A=l% and 3%, we identify this instability due to the IWM. On the other hand, if the gain is greatly reduced for A=3%, we label them as the S4.
The other method to distinguish the two modes is to examine the perturbed field profile. If the field profile is very similar to that of the beam-free waveguide, then the instability is due to the beam-waveguide coupling 10.
If, however, the field profile is highly localized near the beam location, we attribute the gain to the SWM. The former method is used in Sec. III and the latter in Sec. IV.
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PARAMETRIC OPTIMIZATION
In this section we will obtain the optimized physical parameters for the wide band gyrotron amplifier; the thickness ratio of the dielectric center rod (Rd/Rc), the conducting wall radius (Rc), the dielectric constant (E), and the beam location (Ro). We again emphasize that the optimization is for the bandwidth due to the IWM, minimizing the contribution of the troublesome SWM. In the remainder of this paper, we assume the following beam parameters. la intersects wG more than one time (case C), and for the parameters below the maximum gain line, w does not intersect w at all (case A). Since the IWM gain is maximum at the wB-wG intersecting points, it is obvious that the SN3 is dominant when the parameters (R and e) are well below the maximum INK gain line, while at near and above it, the IWM is dominant as shown.
Above the maximum IWNM gain line, where wB intersects wG more than one time, the gain yields multiple maxima in w-space with a valley in between. Therefore, we expect that the maximum bandwidth line (broken) is located slightly above the maximum gain line (solid). Along the maximum bandwidth line, the gain at the valley in ki-w diagram is just high enough so that the bandwidth covers the both maxima, to yield broadest bandwidth. As one moves further above the maximum bandwidth line, the valley of ki-w diagram is too deep to extend the bandwidth-to both maxima, thereby abruptly decreasing the bandwidth. All these arguments will be later confirmed in the numerical investigations.
After seeing that the beam-waveguide grazing condition (case B in Fig. 2) plays an important role in predicting both the gain and the bandwidth of the That is, the peak at higher frequency is quenched more rapidly when the spread is large. The actual badwidth for the same parameter in Fig. 4 is shown in Fig. S . The bandwidth is defined by the full width of the real frequency, at which the linear gain drops to exp(-.) of its maximum value. Of course, the bandwidth is normalized by its mean frequency w. This definition of the bandwidth is somewhat unconventional, but it serves the comparison purposes.
For a small spread (--l%), the bandwidth curve in Fig. 5 yields interesting results. For given wall radius (Rc), as the dielectric constant (E) is increased, the bandwidth decreases, and then increases to give a local peak, followed by an abrupt decrease. Although the bandwidth can be much wider for c lower than that giving local maximum, we attribute this wider bandwidth mainly to the SWM contribution. This is evident from the bandwidth curve for A=3%. At e lower than that giving local maxima for A=1%, the bandwidth is actually narrower for =3%. In view of the more sensitive nature of the SWM to the velocity spread compared to that of the IW4, we therefore conclude that the wider bandwidth for low c at A=l% is due to the SWM. Since our optimization is for the IWN only (suppressing the SWM), the optimized bandwidth of the desired IWN at A=1% corresponds to the local maximum. The comparison of As a reference, the case for cal, that is without the dielectric, is also shown (broken curve). The maximum gain is achieved at the single peak for c-12.2, corresponding to a point in the maximum gain curve in Fig. 2 (case B) .
For lower e (c=ll.8) the gain yields a single peak at a lower gain, corresponding to case A in Fig. 2 . For higher c (c=12.6, 12.8), the beam mode intersects the waveguide mode at two frequencies (case C in Fig. 2 ), resulting in double NW TR 81-M. maxima at those frequencies. As c increases from its maximum gain value (e=12.2), the gains at the peaks as well as the gain at the valley decrease.
Therefore, as c increases from c=12.2, the bandwidth, now utilizing both peaks, increases until its maximum is reached at c=12.6. After the maximum bandwidth, the gain at the valley is too low for the bandwidth to include both peaks (e.g. c=12.8). This explains why the bandwidth in Fig. 5 decreases abruptly after the maximum value. Fig. 7 also provides information on the contribution of the SWM. Since the gain for e=l (without the dielectric, broken line)
represents the contribution of the SWM only, we can say that any significant difference from this curve is due to the IWM. We note from 
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The optimized bandwidth at Atl% is 68% (Fig. 7) , of which 51% is due to the II4, and 17% to the SW4. This proportion is obtained from Fig. 7, attributing the portion for w/wc > 2.0 to the SWM. This bandwidth can be compared to 46% (all IWM) for the pure IWN and 90% (12% IWM + 78% SWM)
for the mixed mode with the wall clad configuration [61. Moreover, the mean frequency Z for the center rod Vroton is w/w c -1.72, higher than 1.53
for the pure IWM and less than 2.04 for the mixed mode with the wall clad geometry [61. If we assuie that the entire SWM contribution is non-usable, then the bandwidth of t!, center rod gyrotron is slightly wider than that of the pure IWM and much wi-ler than that of the mixed mode of the wall clad gyrotron. shown that (w /C -ki) c 0, hence the Bessel functions J and N with arguments x's (Eq. (7)) now become the modified Bessel functions I and K.
In Fig. 8 , the field profiles of Eel and Brl at a particular frequency w-1.7 w for several values of the dielectric constant are shown. That is, the profiles are drawn from Fig. 7 at that frequency. The fields are normalized suhthtcc E 2 2 R2 such that0R (c.
Here ci a c(l) for r < Rd (r > Rd). The chosen frequency w=l.7 w c corresponds approximately to the transition point between the IW and SWM (see Fig. 7 ). We observe in Fig. 8 that the profile for e=l (without the dielectric) is highly localized at the beam location (RO) with a negligible field amplitude in the space (r c Rd) where the dielectric rod is supposed to be. This is, of course, expected since the instability for e=l is solely due to the SWM. Without the dielectric (cal), the waveguide mode is a fast wave (w G > ck), and the slow wave lWM is absent. As c increases the SWM contribution is decreased, as indicated by the decreasing peaks of the field profile at the beam location. The reduced SWM contribution with the
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increased e, in turn, indicates the more enhanced IWNM contribution (see Fig. 2 ).
For example, at c-12.8, the field profile is almost identical to that of the vaveguide, indicating nearly pure IW contribution to the instability. At W/Mc a 1.7, the significant SWM contribution is for e c 11.8, as can be confirmed from Fig. 7 . In terms of difficulties associated with the microwave excitation and collection, the localization of the field strength due to the SRM at the beam location can be a nuisance. However, these difficulties can be eliminated by optimizing the parameter e, i.e. c=12.6
in Fig. 8 .
The frequency dependenc of the field profile is shown in Fig. 9 for the optimized parameters given in Eq. (11). As the frequency increases, the peak at the beam location (R 0 ) is more pronounced. This indicates that the contribution of the SWM is nearly negligible for w/w c < 1.8 and is significant for w/W c > 2.0, confirming the similar conclusion from Fig. 7 . This profile can be compared with that for the mixed mode with the wall clad geometry (Fig. 6 in Ref. 6) , where the SWM is significant for W/Wc > 1.6. We thus again find that the center rod configuration extends the IWM region further than the wall clad gyrotron.
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CONCLUSION
We have investigated the wide band capability of the gyrotron with a dielectric material used as a center rod. After deriving the dispersion relation for the azimuthally symmetric, TE perturbations, we have found the optimization conditions on the physical parameters for a wide bandwidth at a small axial velocity spread (A=1%). /
The results of the optimization processes and the comparison with the wall clad configuration can be summarized in Table 1 Research.
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